cardiovascular events and death. [2] [3] [4] [5] The use of iron with ESAs is prerequisite for optimal management of anemia in patients with CKD. 6 Intravenous (IV) iron therapy reduces ESA requirements and increases hemoglobin levels. 7 Taiwan is the first country in the world to develop a bundled payment system for hemodialysis because of economic concerns. 8 The strategy for the management of anemia in patients with CKD is different from that in many other parts of the world. In 1996, the National Health Insurance Administration of Taiwan applied more restrictive reimbursement criteria for ESA use in patients with stage 5 CKD. According to the criteria, ESAs are to be initiated when nondialysis patients with CKD have a serum creatinine level >6 mg/dL and a hematocrit level <28% to maintain a hematocrit level not exceeding 30%. The maximum dose allowed by insurance is capped at 20 000 U of epoetin-a or b and 100 lg of darbepoetin alfa or methoxy polyethylene glycol-epoetin beta per month. The target hemoglobin range and dose limitation for ESAs are the same for patients undergoing dialysis. Moreover, IV iron supplementation was encouraged earlier in Taiwan in 1996 when nephrology experts reached a consensus regarding the diagnostic criteria for iron deficiency (serum ferritin <300 ng/mL and/or transferrin saturation [TSAT] <30%). Thereafter, nephrologists in Taiwan avoided the use of disproportionately high doses of ESAs to achieve a hemoglobin level of 10 to 11 g/dL by iron supplementation. 8 The clinical impact of these policies is unknown. Using data from the TWRDS (Taiwan Renal Registry Data System), 9 we aimed to assess the association of anemia and iron parameters with mortality among patients with prevalent hemodialysis in Taiwan. In the AIM-HD (Anemia and Iron Parameters With Mortality Among the Prevalent Hemodialysis Patients) study, the authors assessed the effects of optimal hemoglobin, serum ferritin, and TSAT values on mortality in patients undergoing hemodialysis after bundled payment systems were implemented in Taiwan.
Methods Data Source
The data and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure because access to these data is contractually controlled by the Taiwan Society of Nephrology and Taiwan National Health Research Institutes. Only analytic methods are available on request. A request for the analytic methods should be sent to the corresponding author. The TWRDS integrated the records of all patients with endstage renal disease requiring chronic hemodialysis from hospitals and dialysis clinics in Taiwan. 9, 10 The TWRDS database includes demographic, disease-associated conditions, initial dialysis date, dialysis type, residual renal function, and laboratory data of each patient undergoing dialysis in Taiwan. Annual reports of dialysis facilities, including dialysis dosages, treatment quality, laboratory data, and clinical outcomes, were collected. The percentage of reports received from dialysis centers each year has been 100% since 1997. 9, 10 Design and Study Participants
We conducted a cohort study based on the TWRDS and identified all patients with incident end-stage renal disease in Taiwan from January 1, 2001 , to June 30, 2008 . The cohort was described in our previous study. 11 Patients treated by peritoneal dialysis, recipients of kidney transplantation, those with incomplete biochemistry data, and those younger than 20 years at dialysis initiation were excluded. All enrolled patients were divided into subgroups according to the timeaveraged hemoglobin, serum ferritin, and TSAT values, respectively, and were followed up until death or December 31, 2008, whichever came first. Mortality records were retrieved from the Taiwan Death Registry at the Taiwan Ministry of Health and Welfare. The outcomes included allcause mortality, cardiovascular mortality, and mortality caused by ischemic stroke and infection. The institutional review board of Taipei Veterans General Hospital approved the study protocol. The AIM-HD study was performed in
Clinical Perspective
What Is New?
• A bundled payment system for hemodialysis was first developed by Taiwan in 1995. This study investigates the optimal hemoglobin, serum ferritin, and transferrin saturation levels on mortality in patients undergoing hemodialysis after the implementation of a bundled payment system in Taiwan. • Remarkably, a hemoglobin level <10 g/dL was significantly associated with higher risk for all-cause and cardiovascular deaths. Moreover, serum ferritin levels between 300 and 800 ng/mL and transferrin saturation values between 30% and 50% were associated with the lowest all-cause mortality.
What Are the Clinical Implications?
• In view of economic concerns, restricted dosages for erythropoiesis-stimulating agents were prescribed to achieve a hemoglobin level >10 g/dL, with the aid of prompt iron supplementation in Taiwan.
• Study of optimal serum ferritin and transferrin saturation levels will provide important information to improve future anemia management and iron supplementation for patients undergoing hemodialysis.
accordance with the approved protocol and the Declaration of Helsinki. Informed consent was waived as a result of the deidentification of any personal information in this database.
Statistical Analysis
All values are expressed as means and SDs unless otherwise specified. The patients' characteristics were compared by ANOVA or chi-square tests. In a multivariable Cox regression model, the effects of hemoglobin, ferritin, and TSAT values were adjusted for age, sex, diabetes mellitus, hypertension, dialysis adequacy, residual renal function by estimated glomerular filtration rate at the start of dialysis, white blood cell counts, normalized protein catabolic rate, serum albumin, cholesterol, triglyceride, calcium, phosphate, alkaline phosphatase, intact parathyroid hormone, uric acid, ESA dose, and IV iron use. The results are expressed as Kaplan-Meier plots or as hazard ratios (HRs) and 95% confidence intervals (CIs). For the incomplete cases in this study, we used the expectation-maximization algorithm to impute and to replace each missing value. The restricted cubic spline curves used to examine nonlinear associations of hemoglobin, ferritin, and TSAT values with allcause mortality for fitness, adjusted for the aforementioned confounding variables, further characterized the nature of the relationships between hemoglobin, ferritin, and TSAT values with all-cause mortality. Five knots were chosen because this number produced a curve that appeared adequately smooth. Plots of the restricted splines were constructed using STATA version 15 (StataCorp). All P values were 2-sided, and the significance level was set at 0.05. All analyses, except for special circumstances, were performed using commercially available software (SAS version 9.4, SAS Institute Inc.). Figure 1 shows the flowchart of patient selection from the TWRDS during 2001 to 2008. Ultimately, 42 230 stable patients undergoing hemodialysis were enrolled for analysis. All patients were divided into 5 groups according to hemoglobin level (<9, 9-9.9, 10-10.9, 11-11.9 , and ≥12 g/ dL) (Table 1) , 4 groups according to ferritin level (<300, 300-499, 500-799, and ≥800 ng/mL) ( Table 2) , and 5 groups according to TSAT value (<20, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] , and ≥70%) ( Table 3 ). The data revealed statistically significant differences among the groups in all measured parameters (Tables 1 through 3 ). In Table 1 , compared with patients with a hemoglobin level >10 g/dL, the patients undergoing hemodialysis with a hemoglobin level <10 g/dL were older and predominantly women and had higher serum ferritin and mean ESA administered doses but lower serum albumin and IV iron administration rates. In addition, in Table 2 , compared with patients with a ferritin level <800 ng/dL, the patients undergoing hemodialysis with a ferritin level ≥800 ng/dL were older and predominantly women and had higher mean ESA administered doses but lower serum albumin and IV iron administration rates. Finally, in Table 3 , compared with patients with a TSAT value of 30% to 50%, the patients undergoing hemodialysis with TSAT values <20% and ≥70% were predominantly women and had higher hypoalbuminemia and dialysis inadequacy rates. Especially, the patients with a TSAT value >50% were older and had lower serum albumin but higher serum ferritin and mean ESA administered doses.
Results

Patient Characteristics
Associations of Hemoglobin With Mortality in Patients Undergoing Hemodialysis
During a median follow-up of 41 months (a maximum followup of 95 months), 12 653 (30.0%) patients died. Figure 2 shows (Table 4 ). In contrast, the aHRs were 0.82 (95% CI, 0.76-0.90) for all-cause mortality and 0.86 (95% CI, 0.78-0.95) for cardiovascular mortality in patients with a hemoglobin level of 11 to 12 g/dL and consistent in those with a hemoglobin level >12 g/dL (Table 4) . Moreover, the results were similar in all ESA-treated patients undergoing hemodialysis (Table S1 ).
Associations of Iron Parameters With Mortality in Patients Undergoing Hemodialysis
The associations between different ferritin categories and mortality were also evaluated, as shown in Figure 3 and Figure 4 and Table 4 show the associations between different TSAT categories and mortality. In a multivariate Cox proportional hazard model, the aHRs for all-cause (1.57; 95% CI, 1.46-1.68), cardiovascular (1.63; 95% CI, , and ischemic stroke (2.01; 95% CI, ) mortality were significantly higher in those with a serum TSAT level <20% but modest for infection-related mortality (1.48; 95% CI, . On the other hand, the aHR for all-cause mortality was significantly increased in those with a TSAT level ≥50%. In addition, TSAT in a range of 30% to 50% was associated with lower risk for mortality. Figure 5 shows cubic spline curves for the associations of hemoglobin, ferritin, and TSAT with the risk of all-cause mortality. The findings had similar trends shown in Figures 2A, 3A , and 4A. Finally, in terms of all-cause mortality, the trends of optimal hemoglobin, ferritin, and TSAT values are similar in patients with or without iron supplementation. The only difference is that all-cause mortality in patients with serum ferritin Journal of the American Heart Association ≥800 ng/mL became modest in patients without IV iron supplementation (Table S2) .
Associations of Iron Status and Iron Supplementation With the Risk of Death
We further validated the association of iron status and iron supplementation with the risk of all-cause mortality. The patients undergoing hemodialysis were divided into 3 groups: serum ferritin <800 ng/mL and TSAT <50% receiving iron supplementation (group 1, n=20 038), serum ferritin <800 ng/ mL and TSAT <50% without iron supplementation (group 2, n=13 005), and serum ferritin ≥800 ng/mL or TSAT ≥50% (group 3, n=9187) (Table S3 ). Compared with patients in group 1, patients in groups 2 and 3 were older and predominantly women and had lower serum albumin but a higher dialysis inadequacy rate. Kaplan-Meier ( Figure S1 ) and Cox proportional hazard ( Figure S2 ) of survival curves demonstrated that patients in groups 2 and 3 were associated with a significantly higher risk for allcause death, as compared with patients in group 1. In a multivariate Cox proportional hazard model (Table S4) , compared with patients in group 1 (reference group), the aHRs for all-cause mortality were significantly higher in patients in group 2 (1.77; 95% CI, 1.67-1.86) and patients in group 3 (1.64; 95% CI, 1.55-1.74).
Associations of ESA Doses With Mortality in
Patients Undergoing Hemodialysis Table S5 shows the entire range of ESA administered doses in the studied patients undergoing hemodialysis. In a multivariate Cox proportional hazard model, patients who had received a monthly ESA dose <10 000 U were associated with higher risk of all-cause mortality. Moreover, the low monthly ESA administered doses were also associated with higher risk of cardiovascular mortality but not ischemic stroke or infection-related mortality. Finally, the interaction of hemoglobin level and ESA doses on the risk of all-cause death were analyzed (Table S6) . We found that in the patients with a hemoglobin level <10 g/dL, lower ESA doses (<10 000 U/mo) were associated with higher mortality as compared with patients with a hemoglobin level <10 g/dL but higher ESA doses (≥10 000 U/mo).
Discussion
Taiwan has a high prevalence of CKD (11.9%). 12 Compared with international data using the United States Renal Data System, the incidence and prevalence of end-stage renal disease in Taiwan ranked first in the world from 2002 to 2014. 13 Anemia is a common problem in Taiwanese a fully bundled payment system for hemodialysis expenses, including the actual cost of dialysis, the cost of dialysisrelated laboratory tests, and the costs of using ESAs, IV iron, calcium-containing phosphate binders, and active vitamin D. Later, in 1996, the NHI applied more restrictive reimbursement criteria for ESA use targeting a lower hematocrit level in nondialysis and hemodialysis patients with stage 5 CKD. ESAs are to be initiated when patients with dialysis-dependent CKD have a hematocrit level <28% to maintain a hematocrit level at 30%. The maximum dose allowed by insurance is capped at 20 000 U of epoetin-a or -b and 100 lg of darbepoetin alfa or methoxy polyethylene glycol-epoetin beta per month. However, the conservative hematocrit target of 30% for patients with CKD set by the NHI of Taiwan was related to economic concerns but not evidence-based. The optimal hemoglobin, serum ferritin, and TSAT values required to improve survival rates among patients undergoing hemodialysis after the implementation of bundled payment systems in Taiwan warranted further assessment.
According to our previous report, 8 the mean hemoglobin value has been steady since 2000 in Taiwanese patients undergoing hemodialysis. We, therefore, analyzed the data from TWRDS to examine the associations of anemia and iron parameters with mortality in patients undergoing hemodialysis during 2001 to 2008. In addition, because the blood hemoglobin concentration changes longitudinally in patients undergoing hemodialysis as a result of treatment measures and disease status, using a single baseline hemoglobin level does not provide an accurate assessment of individual patients' exposure to the effects of anemia over time. 14 To account for this, we analyzed the time-averaged hemoglobin value in each patient, which allows validation of the longitudinal burden of anemia by averaging all individual measurements and considering the duration of any individual measurement value. 14 Our results showed that a lower hemoglobin level was associated with significantly higher all-cause mortality in patients undergoing hemodialysis: with a hemoglobin of 10.0 to 10.9 g/dL as a reference, the adjusted 139, 420 to 429, 320 to 322, 326, 510 to 513, 567, 590, 599, 711, 730, 460 to 466, 480 to 487, 490 to 493, and 680 to 686. contrast, the results of our study were biased toward the left side of the U-shaped curve, which were similar to those of previous studies on nondialysis and peritoneal dialysis patients with CKD. 14, 16 However, the higher the hemoglobin level (>13.5 g/dL) the higher the mortality, as reported by Regidor et al. 15 The reasons for this discrepancy are mainly a result of low ESA toxicity with lower administered doses, adequate iron supplementation, prompt ESA response with low inflammatory and well-nourished status (Table 1) , and limited cases with hemoglobin >12.0 g/dL (3.8% of patients) in the AIM-HD study. The greatest impact of the bundle system in anemia management is the use of IV iron. Nephrology experts in Taiwan reached a consensus regarding the diagnostic criteria for iron deficiency in 1996. They recommended that iron supplementation be considered for patients undergoing dialysis with a ferritin level <300 ng/mL and/or a TSAT level <30% to maintain a ferritin level of 300 to 500 ng/mL and a TSAT of 30% to 50%. The consensus was mainly based on our previous studies performed in Taiwan, which provided the guidance on the use of IV iron supplementation in the management of CKDrelated anemia. [17] [18] [19] [20] However, the impact of these recommendations for iron supplementation and iron parameters on patients' outcomes was unknown at that time. Kalantar-Zadeh et al 21 reported no significant differences in the risks of allcause and cardiovascular mortality among patients undergoing hemodialysis with serum ferritin levels of 200 to 1200 ng/mL, whereas those with a serum ferritin level ≥1200 ng/mL were associated with increased mortality rate. 21 In contrast, we found that a serum ferritin level <300 ng/mL was associated with higher risks of all-cause and cardiovascular mortality. Iimori et al 22 demonstrated that iron-deficiency anemia was associated with all-cause mortality in patients with CKD, and Xu et al 23 further reported that myocardial iron depletion was associated with left ventricular dysfunction. These findings 22, 23 are corroborated by our observations. Gali c et al 24 reported
that the incidences of sepsis and vascular access infection were higher among patients undergoing hemodialysis with a serum ferritin level >500 ng/mL. However, this association with infection-related mortality was not observed in their multivariate analysis. In contrast, we found that a serum ferritin level ≥800 ng/mL was significantly associated with infectionrelated mortality among patients with prevalent hemodialysis. Fortunately, beginning in 2005, the Taiwan Society of Nephrology for accreditation of hemodialysis units proposed that IV iron supplementation should not be used when serum ferritin exceeds 800 ng/mL. 8 Accordingly, the proportion of patients undergoing hemodialysis with a serum ferritin level >800 ng/ mL gradually decreased from 1995 to 2012 ( Figure S3 ). The recommended 800-ng/mL threshold as the upper level for serum ferritin in anemia management in Taiwanese patients undergoing hemodialysis could be based on epidemiological evidence according to our results. Finally, the AIM-HD study demonstrated that TSAT between 30% and 50% was associated with the lowest all-cause and cardiovascular mortality. Our study mutually supported the recommendations by both the 1996 Taiwan practice guidelines 8 and the 2012 Kidney Disease:
Improving Global Outcomes (KDIGO) 25 clinical practice guideline for anemia management in CKD.
Study Strengths and Limitations
From a clinical perspective, several issues warrant discussion in this study. Our study was notable for its large sample size, its nationally representative nature, and the fact that the study cohort was validated by strict Taiwan NHI reimbursement regulations. Nevertheless, several limitations of our study should be addressed. First, our study was observational in nature and cannot prove causality. In testing the hypothesis that anemia decreased survival by affecting cardiovascularrelated factors, we found that the effect of anemia on all-cause mortality was similar to the trend for cardiovascular mortality. Second, the therapeutic effects of ESAs could not be directly measured. We found that a lower time-averaged hemoglobin was associated with higher all-cause and cardiovascular mortality in all ESA-treated patients undergoing hemodialysis (Table S1 ), and the results were also similar in all patients undergoing hemodialysis (Table 4) , revealing the protective effects of modest but not high ESA administered doses in our patients (Table S5 ). Third, in TWRDS, potential cofounders such as malignancy, coronary artery disease, and heart failure were not available for analysis. Fourth, inflammatory markers such as C-reactive protein and interleukin 6 were not available in the AIM-HD study. However, we did use data on serum albumin, transferrin, ferritin, and white blood cells as malnutrition-inflammation complex markers to adjust potential bias. Finally, we excluded patients younger than 20 years and those who died or could not undergo a follow-up within 1 year after the initiation of hemodialysis, therefore our patients may not represent the entire hemodialysis population.
Conclusions
A lower (<10 g/dL), time-averaged hemoglobin value was associated with higher risk of death among patients receiving inadequately low ESA administered doses in the bundled payment system. In addition, a serum ferritin level <300 ng/ mL was associated with higher risk of all-cause and cardiovascular mortality and a serum ferritin level >800 ng/mL was associated with all-cause and infection-related mortality. A TSAT value between 30% and 50% was associated with lower risk of all-cause and cardiovascular mortality. Therefore, we recommend avoiding a low hemoglobin value and maintaining a ferritin level between 300 and 800 ng/mL and a TSAT level between 30% and 50% in patients with prevalent hemodialysis receiving the restricted ESA doses but prompt IV iron supplementation based on the findings of the AIM-HD study.
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